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The evolution of the filamentary 3-Kelvin (3K) superconducting phase at the interface between
Sr2RuO4 and Ru-metal inclusions is discussed for Pb-Ru-Sr2RuO4 contacts. Using the Ginzburg–
Landau model, the influence of proximity-induced superconductivity in Ru on the topology of the
3K phase is analyzed. Because the s-wave order parameter in Ru favors a 3K state of trivial
topology, the onset temperature of the phase with a non-trivial topology, which is compatible with
the bulk phase of Sr2RuO4, is essentially reduced to the bulk transition temperature. Because
the topology of the superconducting state in Sr2RuO4 is crucial for the Josephson effect through
Pb-Ru-Sr2RuO4 contacts, this model qualitatively reproduces the experimental observation of the
anomalous temperature dependence on the critical current.
PACS numbers: 74.20.De,74.45.+c,74.70.Pq, 74.25.Dw
Besides the intriguing superconducting phase appear-
ing in the quasi-two-dimensional strongly correlated
metal Sr2RuO4 (SRO) below its bulk transition tempera-
ture Tc,SRO = 1.5 K
1–4, the filamentary superconductiv-
ity nucleating at T ∗ ≈ 3 K in eutectic Ru-SRO samples
bears further fascinating features5–12. For the bulk state
of SRO in the zero-magnetic field, multiple studies1–4,
in particular, the observation of the polar Kerr effect13
and intrinsic magnetism in µSR experiments14, count as
evidence for the realization of a time-reversal symmetry
breaking (TRSB) chiral p-wave state1–4. On the other
hand, several experimental attempts to observe sponta-
neous edge currents expected for the chiral p-wave state
led to negative results15–17 and have triggered several
theoretical studies exploring potential reasons for this
conflicting result18–20. Microscopic calculations concern-
ing the pairing symmetry show a close competition be-
tween a chiral and helical p-wave state, the former hav-
ing inplane- and the latter c-axis equal-spin pairing21.
Both of these phase are compatible with NMR-data, if
we assume that the pinning of the spin configuration by
spin-orbit coupling is weak22,23. Also the observation
of half-flux-quantum vortices24 is probably most easily
explained with an almost freely twistable d-vector. On
the other hand, recent functional renormalization group
studies support the spin triplet pairing dominantly in
the γ-band which favors the chiral p-wave channel due
to spin-orbit coupling21,25,26. In the following we will as-
sume that the bulk superconducting phase of SRO has
the chiral p-wave symmetry.
In eutectic systems, where excess Ru segregates from
bulk SRO into micrometer-sized Ru-metal inclusions, su-
perconductivity is believed to appear first at the inter-
faces between Ru and SRO at temperatures as high as
T ∗ ≈ 3 K5,27,28. This so-called ”3-Kelvin” (3K) phase
evolves into the bulk phase when the temperature is re-
duced. However, because the phase nucleating at T ∗
does not break the time-reversal symmetry, the transi-
tion from the filamentary to the bulk phase involves an
additional phase transition27,29. From tunneling spec-
troscopy results and the behavior of the critical current
with the 3K phase, we find evidence for this additional
transition at T ′ ≈ 2.4 K8–10.
Our present study is motivated by experiments on a
Josephson device consisting of a Pb film on top of the
c-axis oriented surface of SRO, yielding Pb-Ru-SRO con-
tact through Ru inclusions. In this device geometry di-
rect Josephson coupling between Pb and SRO is sup-
pressed for a chiral p-wave state and emphasizes the path
through Ru inclusions11,12. In some experimental setups,
coupling through a single Ru inclusion has been achieved.
In this superconducting-normal-superconducting (SNS)
contact, the s-wave superconductivity penetrates from
Pb to Ru by proximity effect. Note that Ru is a conven-
tional superconductor with Tc,Ru ≈ 0.5 K. The Josephson
coupling between Pb and SRO appears with the onset
of the 3K phase above Tc,SRO (Tc,Pb = 7.2 K), display-
ing an anomalous temperature dependence of the critical
current Ic(T ), as shown schematically in Fig. 1
11,12. The
critical current, which increases with decreasing temper-
ature within the 3K phase (Tc,SRO < T < T
∗), is in-
terrupted by an abrupt drop of Ic around T ≈ Tc,SRO.
Upon lowering the temperature further, Ic quickly re-
covers. It is worth noting here, that the observation of
a non-vanishing Josephson effect above Tc,SRO demon-
strates the presence of the 3K phase at the interface.
It has been suggested that the anomalous temper-
ature originates from a change of the limiting of the
Josephson current between SRO and Ru (with proximity-
induced s-wave pairing)11,12,30. While for the tempera-
tures above Tc,SRO the Josephson coupling could be as
essentially uniform, below Tc,SRO the chiral nature of
the bulk superconducting state in SRO would yield a
frustrated Josephson coupling with a considerably lower
critical temperature. This scenario requires that the su-
perconducting phase of SRO at the interface switches its
topology for T ≈ Tc,SRO. Here, we investigate the in-
fluence of the proximity-induced s-wave order parameter
in Ru on the evolution of the 3K phase between T ∗ and
Tc,SRO. The geometry we consider has Ru-SRO inter-
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FIG. 1. (a) Schematic view of the anomalous temperature
dependence of the Josephson critical current Ic in the Pb-
Ru-Sr2RuO4 device, indicating the superconducting phase
present at the Ru-Sr2RuO4 interface
11,12. In our model, the
drop of Ic around Tc is connected with the transition from
the A′- to the B-phase. (b) The three filamentary phases, A,
A′, and B, are characterized by the arrangement of the order
parameter components and the phase winding number N (see
text). In the A-phase, only |ηθ | 6= 0 has TRS; in the A
′-phase,
both |ηθ | and |ηr| 6= 0 have TRSB; and in the B-phase, both
|ηθ | and |ηr | 6= 0 have TRSB and have the same topology as
the bulk phase kx+iky . Note the A- and A-phase are topolog-
ically trivial as they are invariant under rotation around the
circle center, while the B-phase is topologically non-trivial by
acquiring a phase eiθ upon a rotation by an angle θ.
faces with normal vector in the x-y-plane for which we
can expect a sizable Josephson coupling for the chiral
but not for the helical p-wave state, since specific se-
lection rules including spin-orbit coupling predict only
lowest order Cooper pair tunneling for the former one31.
Therefore, in our theoretical model, we assume the bulk
chiral p-wave state represent in d-vector notation given
by d(k) = η0zˆ(kx ± iky), corresponding to a spin-triplet
pairing state with angular momentum along the z-axis,
Lz = ±1, and in-plane equal-spin configuration, Sz = 0.
This state is represented by a two-component order pa-
rameter through d(k) = zˆ(ηxkx + ηyky) = zˆη · k with
η = (ηx, ηy) = η0(1,±i)27. To discuss the superconduct-
ing phase at the Ru-SRO interface, it is convenient to
parametrize the order parameter in terms of the parallel,
η‖ = zˆ · [n × η], and perpendicular, η⊥ = n · η, compo-
nents using the interface unit normal vector n29.
Experimental evidence suggests that the 3K phase
arises from a local Tc enhancement on the SRO side of the
Ru-SRO interface27. However, the origin is unclear. The
behavior of the upper critical field suggests that the en-
hanced Tc region is rather narrow at 20 nm
7. Under these
circumstances, only the order parameter component par-
allel to the interface nucleates at T ∗, i.e., η‖
27. This so-
called A-phase is time-reversal symmetric (TRS)29. We
define the phase ϕ(n) = arg(η‖) and its winding number
N =
∮
dsn ·∇ϕ(n) on a path around a closed interface in
the x-y-plane. Here, N characterizes the interface state
topology. For the A-phase, ϕ(n) is a constant such that
N = 0.
Three relevant interface states have been identified
through their symmetry and topology: the A-, A′- and
B-phase states29. The latter two phases involve the ap-
pearance of the perpendicular order parameter compo-
nent η⊥, which leads to TRSB. While the A
′-phase re-
tains the winding number N = 0 (topologically trivial),
the B-phase shows non-trivial topology with N = ±1,
equivalent to ϕ(n) = θn = arctan(ny/nx). The B-phase
is compatible with the chiral p-wave state. These three
states are schematically depicted in Fig. 1. The sequence
of phases from the onset of the 3K phase at T ∗ to the bulk
superconducting state of SRO at Tc,SRO can be discussed
with a Ginzburg–Landau model, as shown in Ref. 29. At
T ∗ ≈ 3 K, the A-phase nucleates, while at the lower tem-
perature T ′, the B-phase appears through a first-order
transition, simultaneously breaking TRS and switching
the topology N = 0 → N = ±1. Note that the exper-
imental evidence suggests T ′exp ≈ 2.4 K8,10. Within the
B-phase, only percolation is required to establish bulk
superconductivity at Tc,SRO because both phases have
the same topology.
The experimentally observed anomalous drop of Ic
at Tc,SRO
11,12 can be attributed to a topology change
of the superconducting state at the interface. In re-
cent theoretical studies, the influence of the interface
state topology on the critical Josephson current has been
discussed assuming an s-wave order parameter within
Ru inclusions30,32. When N = 0 (A- and A′-phase),
the interface acts like an ordinary extended Josephson
junction33, while N = ±1 (B-phase) yields a frustrated
junction32. This frustration leads to a spontaneous mag-
netic flux pattern on the interface. In this case, the su-
percurrent through the interface is limited by a magnetic
flux pinning-depinning transition, leading to a reduction
of the Josephson critical current. This feature could ex-
plain the observed anomaly if the change of the winding
number N occurs around Tc,SRO.
For the bare Ru-SRO eutectic samples, the change of
N is associated with a first-order phase transition at
T ′ ≈ 2.4 K29. If Ru hosts an s-wave order parameter,
we expect that the phase diagram within the 3K phase
(Tc,SRO < T < T
∗) will be modified through the cou-
pling of this order parameter to the interface state. We
consider the rather simple model geometry of a cylin-
drical Ru-metal inclusion with radius R, whose axis is
oriented along the z-axis of SRO. We use a Ginzburg–
Landau model for the two-component p-wave supercon-
ductor with the order parameter η = (ηx, ηy) in the re-
gion of SRO outside the Ru inclusion. We consider two
spatial dimensions perpendicular to z and assume homo-
geneity along the z-axis. The s-wave superconductivity
of the Ru inclusion enters via interface coupling. The
3Ginzburg–Landau free-energy functional is then a scalar
under all symmetries of SRO and consists of the SRO
bulk terms34,35 and the interface terms at r = R29:
F =
∫
r>R
d2r
[
a(r)|η|2 + 1
4
b
{|η|4 + 2|η+|2|η−|2}
+
1
2
K
{
|Dη+|2 + |Dη−|2 + 1
2
((D+η−)
∗(D−η+) + c.c.)
}
+
(∇×A)2
8pi
]
+R
∫
int
dθ
{
Kr|n · η|2 +Kθ|zˆ · (n× η)− ψs|2
}
,
(1)
with the covariant gradient defined as D = ∇ − iγA,
where γ = 2pi/Φ0 (flux quantum Φ0 = hc/2e). We de-
fine η± = (ηx ± iηy)/
√
2 and D± = Dx ± iDy. The
enhancement of the critical temperature near the in-
terface is considered by defining a(r) = a′(T − Tc(r))
for an r-dependent critical temperature Tc(r) = Tc +
T0/ cosh[(r−R)/d] with r ≥ R, where d describes the ex-
tension of the region of the enhanced critical temperature
and Tc = Tc,SRO. The bulk parameters a
′, b, and K are
determined through the homogeneous and the linearized
Ginzburg–Landau equations via the ratios a′/b = 2 and
K/a′Tc = ξ
2
0 , where ξ0 is the zero-temperature coher-
ence length. The first integral is taken over the space
outside the the Ru cylinder. The second integral over
the interface between Ru and SRO describes the influ-
ence of the interface, including the coupling between η
and the s-wave order parameter ψs inside Ru. By sym-
metry and owing to spin-orbit coupling, only the order
parameter component parallel to the interface, η‖ = ηθ,
couples (with a coupling strength given by the coefficient
Kθ > 0
31 (n = rˆ = (cos θ, sin θ)). The perpendicular
component η⊥ = ηr with the coefficient Kr > 0 is re-
duced at the interface. The winding number N enters
as η±(r, θ, z) = η±(r, z)e
i(N±1)θ for a single-valued order
parameter.
We express ηr(r) and ηθ(r) by ηr(r) = (η+ + η−)/
√
2
and ηθ(r) = −(η+ − η−)/
√
2, respectively. The influence
of ψs is evident from the interface terms in Eq. (1),
Fint = 2piR
[
Kr|ηr(R)|2|+Kθ{|ηθ(R)|2 + |ψs|2}
]
− 2Kθ
∫
dθ |ηθ(R)||ψs| cos(φ−Nθ) (2)
where φ is the global phase difference between the order
parameters on the two sides of the interface. The inte-
gral of the last term leads to −2piδN,0Kθ|ηθ(R)||ψs| cosφ,
giving rise to the Josephson coupling only if the interface
state is topologically trivial (N = 0).
Obviously the winding number N is essential for the
Josephson coupling. A non-vanishing N yields frustra-
tion in the phase of the two superconductors and leads to
an effective decoupling29. Only N = 0 leads to uniform
coupling over all the interface and allows minimization of
the coupling energy by setting the phase φ = 0. The vari-
ational minimization including the interface terms yields
the boundary conditions at r = R,
dηr
dr
∣∣∣∣
r=R
=
1
3
[{
4Kr
K
− 1
R
}
ηr(R) +
N
R
ηθ(R)
]
(3)
dηθ
dr
∣∣∣∣
r=R
=
{
4Kθ
K
+
1
R
}
ηθ(R)− N
R
ηr(R)− 4Kθ
K
ψsδN,0
(4)
Note that the second equation expresses the coupling of
ηθ to ψs.
The filamentary nature makes the 3K phase suscep-
tible to the influence of the interface. For |ψs| = 0 we
encounter the A- and B-phases, which are separated by
a first-order phase transition at T ′. The coupling at the
interface for finite |ψs| > 0, which is strong and unfrus-
trated for N = 0, works in favor of the phases with this
topology. In this way, even the A′-phase may appear.
The transition from A to A′ is a second-order transition
because the topology is unchanged even though the TRS
is spontaneously broken. A first-order transition from
the A′- to the B-phase without symmetry breaking is
inevitable as B corresponds to the SRO bulk supercon-
ducting phase.
To confirm this scenario, we numerically minimize the
free-energy functional under the given boundary condi-
tions using a relaxation method. Analyzing the behavior
of the order parameter η, we determine the phase di-
agram for a varying s-wave order parameter ψs in Ru.
While we do not intend a full quantitative discussion,
which is beyond the GL-formulation, we nevertheless
choose our parameter in the absence of superconduc-
tivity in the Ru inclusion (|ψs| = 0) to roughly obtain
the behavior observed experimentally: a′ = 1 and Tc
for the bulk as well as for the interface Kr/K = 0.125,
Kθ/K = 0.025, T0 = 3.6 K with d = 0.5 and R = 5 in
length units of ξ0. For |ψs| = 0, this set of parameters
yields the onset of the A-phase at T ∗ ≈ 3 K and the
transition to the B-phase at T ′ ≈ 2.4 K.
We summarize our results in a phase diagram of tem-
perature T versus s-wave order parameter strength |ψs|
(see Fig. 2). The onset of the 3K phase is shifted to higher
temperatures as the coupling between ηθ and ψs (Eq.2)
facilitates the nucleation of the A-phase whose winding
N = 0 is compatible with the uniform ψs. This is un-
derlined by the behavior observed in Fig. 3(a), where
increasing |ψs| strengthens the component ηθ while ηr
(yielding TRSB) is slightly reduced (Fig. 3(b)), which
results from the competition between the two order pa-
rameter components36. Note that both order parameter
components in SRO, ηθ and ηr, decay on the length scale
of the coherence length away from the interface, featur-
ing a filamentary phase (Fig.3). Upon increasing |ψs|,
the transition to the B-phase, changing N from 0 to ±1,
is shifted to lower temperatures until the transition tem-
perature TcB approaches the bulk critical temperature
Tc = 1.5 K. This shift is a result of the competition with
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FIG. 2. Phase diagram of T versus |ψs|. The proximity-
induced order parameter ψs favors the topologically trivial
A′-phase (N = 0) relative to the topologically non-trivial B-
phase (N = ±1). The transition line TcA′ is second order
and spontaneously breaks the TRS, while TcB is first order
and switches the topology (N = 0 → N = ±1). Note the
dashed line indicating the extension of TcA′ towards |ψs| = 0
is covered by the B-phase. The position of the intersection of
TcA′ and TcB depends on model parameters.
the topologically trivial phase, A and A′ (N = 0). In-
deed, for large enough |ψs|, the A′-phase appears in the
temperature range otherwise covered by the B-phase. In
contrast the TcB shifts, the line of TcA′ (yielding TRSB)
is rigid with increasing |ψs|. Considering the free ener-
gies of the topological sectors N = 0 and N = ±1, we
find a first-order transition for TcB, where FN=0 = FN=1
(see Fig. 4(a)). The effect of the competition between the
two topological sectors is also obvious from the compari-
son between FN=0 and FN=1 in Fig.4(b). The Josephson
coupling (Eq.2) reduces the free energy for the phases A
and A′ (N = 0) with increasing |ψs|, while the interface
energy only increases (∝ |ψs|2) for the B-phase, which
has no coupling to ψs. The transition between A and A
′
at TcA′ continuously yields spontaneous TRS breaking
through the appearance of ηr. Eventually, TcB reaches
Tc,SRO at a finite value |ψs| ≈ 1.8 in our units. For larger
|ψs|, the A′-phase seems to extend into the temperature
range where the bulk phase of SRO is already present,
which is, however, a numerical artifact due to the finite
size Rdisk of the model system used for computation.
We now analyze our result with regard to the Joseph-
son effect in the Pb-Ru-Sr2RuO4 device. Within SRO,
the coherence length along the z-axis is roughly 20 times
shorter than that in the x-y-plane, so we may consider
the RuO2-planes to be weakly coupled. The proximity-
induced s-wave order parameter ψs in Ru decreases
quickly with distance from the Pb-Ru contact. Thus, the
nearly independent layers of SRO are exposed to a differ-
ent magnitude of |ψs| for the corresponding z-coordinate.
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FIG. 3. Numerically calculated order parameter components
of the filamentary phase at T = 2.0K for different values
of |ψs|. The azimuthal component ηθ couples directly to ψs
(Eq.2) and grows with increasing |ψs|, while the radial com-
ponent ηr simultaneously decreases due to competition with
ηθ and the lack of coupling to ψs by symmetry.
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FIG. 4. Comparison of the free energy for the two topological
sectors: (a) Free-energy difference between the phases with
N = 0 and N = 1. The zero-crossing marks the first-order
transition TcB . The soft anomaly in the free-energy difference
around T = 2.2 K corresponds to the second-order transition
at TcA′ . (b) Free energy of the A/A
′- and B-phase, given
by FA and FB, respectively, as a function of |ψs| for T =
2.0 K< T ′. While the A/A′-phase lowers its energy (interface
energy), the B-phase becomes energetically unfavorable with
increasing |ψs| with a crossing of the two free energies at the
finite value of |ψs| (first-order transition).
The A- and A′-phases dominate the Josephson effect
above Tc,SRO, and a finite critical current becomes ob-
servable when the A-phase reaches a sufficient magni-
tude. This junction is unfrustrated (N = 0) and shows a
monotonically increasing critical current with decreasing
temperature until TcB is reached. The overall Josephson
current is obviously dominated by the region very close
to the Pb-Ru contact. Here, we may expect that the on-
set of the B-phase, TcB, is shifted to Tc,SRO. At TcB, the
topology of the Josephson contact changes. Because of
the change from N = 0 to N = ±1, the Josephson crit-
ical current Ic is reduced
30. An anomalous drop should
occur near Tc,SRO, followed by an increase at lower tem-
peratures, as shown in Fig. 1. Because the order param-
5eter at the interface retains its A′-phase character until
the bulk transition, it may change through a domain-
wall-like twist into the bulk phase at temperatures below
Tc,SRO. However, this feature cannot be treated within
our computational approach, which is restricted to sec-
tors of fixed N -values. In addition to the z-dependence
of ψs, which yields a transition spread between the topo-
logically distinct interface states, this feature is likely re-
sponsible for the width of the Ic temperature decrease.
With our simple model, we have demonstrated that the
s-wave superconductivity induced in the Ru inclusion by
proximity to the Pb contact changes the evolution of the
filamentary 3K phase to Sr2RuO4 bulk superconductiv-
ity, compared to the case with a metallic Ru inclusion and
no Pb contact29. The experimental observation of the
anomalous temperature dependence of the critical cur-
rent in the Pb-Ru-SRO Josephson junction reflects this
modification, demonstrating that the Josephson current
is limited by distinct mechanisms in phases with N = 0
(A- and A′-phases) and with N = ±1 (B-phase)30. The
complete description of the temperature dependence of
the Josephson current requires the discussion of the third
spatial dimension of the device, which we avoid in this
paper. Although our model is simplified, we believe that
it captures the most essential features of the experimental
setup. The mechanism of the 3K phase evolution in re-
sponse to the Josephson coupling is consistent with that
of the observed anomalous critical current behaviour, and
thus it provides evidence of the existence of the 3K phase
with the winding state.
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